An estimation method of the seakeeping of fast ships with transom stern is proposed and validated through the comparison with experimental results. The method is based on the potential theory and the Rankine panel method is employed as a numerical computation method. The transom stern is carefully observed in the experiments and it is confirmed that the transom stern is completely dry even in free motion in waves. A condition corresponding to the observation is derived and imposed as the boundary condition at the free-surface just behind the stern.
1.Introduction
In the design of fast ships, the estimation of the seakeeping qualities is important and must be evaluated from the early stage of the design. This is because the encounter frequency relatively increases due to the high forwardspeed and this leads to the large acceleration induced by the ship motions and large wave pressures acting on the hull. Additionally, the nonlinear phenomena such as impact pressure caused by the slamming, bow wave breaking et al. become remarkable compared with conventional ships. The forward speed effect becomes also remarkable and negligible that is an effect from the steady wave field to the unsteady wave field and can be captured even within the framework of the linear and/or quasi-linear seakeeping theories.
Notwithstanding such unconventional properties of fast ships, the strip theory has been broadly applied to their seakeeping estimations from the practical point of view. Recently, application of the three dimensional methods to the fast ships has been also proceeding. The major three dimensional method among them is a frequencydomain Rankine panel method (RPM) based on the potential theory 1) 2) 3) 4) 5) . The time-domain RPM 6)7)8) 9) 10)11) that makes the nonlinear calculation possible is also attempted, but not yet major from the aspect of the computational cost. Most of the fast ships have the transom * Graduate School of Engineering, Hiroshima University * * IHI Corporation 20 3 14 stern and the wave field around the stern is also nonlinear in a sense. When we apply the potential theory to this problem, we therefore need to introduce some appropriate flow model to force the potential flow to be practical flow. The treatment can be recognized as a Kutta condition in the wing theory. This kind of modeling is not related in detail in the most of the literatures and also have not been validated sufficiently.
In this paper, we carried out two experiments for measuring hydrodynamic forces and for measuring ship motions. The unsteady wave fields are also measured in the former experiment on behalf of the pressure measurement on the hull surface. In two experiments, we observe the flow around the transom stern and a corresponding condition is derived as a transom stern condition. Consecutively we carry out numerical calculations and the results are compared with experiments to validate the proposed condition and numerical method.
2.Formulation

Boundary conditions
We consider a ship advancing at constant forward speed U in oblique regular waves encountered at angle χ, Fig.1 .
The ship motion ξ j e iωet (j = 1 ∼ 6) around its equilibrium position and the wave amplitude A of the incident wave are assumed to be small. ω0 is the circular frequency and K is the wave number of the incident wave. The encounter circular frequency is ωe(= ω0 − KU cos χ). The linear theory is employed for this problem assuming ideal (potential) flow. The velocity potential Ψ governed by Laplace's equation can be expressed as
(1) where
Φ means the double-body flow, ϕ the steady wave field and φ the unsteady wave field. Assuming small disturbance due to the ship, we can linearize the free-surface conditions for ϕ and φ in several forms. In this paper we adopted the following free-surface conditions derived by Yasukawa
3)
and corresponding body boundary conditions. For ϕ it becomes
and for φj
where
e /g and τ = Uωe/g. mj in eq. 
Hydrodynamic forces and wave elevations
The steady wave elevation and pressure are evaluated by
Integrating the pressure over the wetted surface (z < 0), we obtain steady forces and moment as
The unsteady wave elevation ζt = 
are the unit vector in x, y, z axes. Substituting the radiation potential in eq. (2) into eq. (11), the added mass and damping coefficients acting in i-th direction due to the motion in j-th direction are given
The wave exciting forces acting in j-th direction is similarly obtained by substituting the diffraction term in eq. (2) into eq. (11) . Putting ν = Uω0/g, it becomes
Transom stern conditions
For the steady problem that treats the steady translation of ship in calm water, the modeling of the transom stern flow has been already proposed. Referring the Hughes & Bertram 14) for instance, the dry transom stern condition is derived as follows. Approximating the basic flow by Φ ∼ = −x, the steady wave elevation ζs at the stern should be equal to the depth zT of the transom stern.
Therefore we obtain the relation from eq. (7) in the form
Then we easily get
where (xT , yT , zT ) shows the coordinate of the transom stern.
For the unsteady problem, we carried out experiments first. Through the observation of the transom stern part in the experiments, we confirmed the following phenomena: 1) In the measurement of ship motions, the total waves that consists of steady wave, incident wave, diffraction wave and radiation waves due to surge, heave and pitch motions are smoothly separating away from the dry transom stern.
2) In the measurement of the wave forces in which the ship motion is restricted, the total waves that consists of steady wave, incident wave and diffraction wave are also smoothly separating away from the dry transom stern.
3) In the measurement of the added mass and damping coefficients in which the forced motions (only heave and pitch) are enforced to the model in the calm water, the total waves that consists of steady wave and heave/pitch radiation wave are also smoothly separating away from the dry transom stern.
For the diffraction problem denoted in phenomenon 2), the corresponding formulation can be obtained as follows. The total unsteady waves that consists of incident wave and diffraction wave are calculated by (16) and this must be zero at the transom stern. Then we obtain the condition
For the radiation problem denoted in phenomenon 3), substituting φ = iωeξjφj into (10) and expressing the radiation wave due to mode j by ζj, we get the radiation wave as
and this must be equal to z-coordinate of the unsteady displacement at the transom stern due to each mode of the forced motion. The unsteady displacement
at arbitrary position on the hull is expressed by
Considering only z component at transom stern and expressing
the corresponding condition to phenomenon 3) can be obtained by putting ζj = αj . This condition can be arranged in the form:
If the conditions (17) and (21) are satisfied at the transom stern, then the phenomenon 1) can be automatically explained. Therefore these conditions give us at least one of the solutions although the solution can not be unique. Other solutions may exist that satisfy eq. (19) without decomposing αz into each mode when we consider the free ship motions in waves corresponding to phenomenon 1).
3.Numerical method
The RPM applied in this study is a panel shift method developed by Jensen 15) and Ando 16) for the steady problem and extended to the unsteady problem by Bertram 1) .
The radiation condition is satisfied by shifting the collocation point one panel upward on the free surface. The method has been applied to many ships and its estimation accuracy has been confirmed up to now 17)18)19) .
The steady and unsteady potentials, ϕ and φj , are both expressed by the source distributions on the body surface SH and the free surface SF as follows:
show the field point and the source point respectively, and
The body surface and the free-surface are discretized into the finite number of constant panels (source strength is constant over the panel), and numerical solutions for steady and unsteady problems are obtained such that a corresponding set of the free-surface condition and the body boundary condition are satisfied at collocation points. The collocation points on SH coincides with the geometric center of each panel and those on SF are shifted one panel upward in order to force the radiation condition numerically. This numerical radiation condition is valid only for τ > 0.5 in the unsteady problem where the waves do not propagate to the forward direction of the ship 19) .
It will be convenient to explain the panel shift method as a special case of 'the desingularized panel method' that is used for solving the fully nonlinear free-surface problem. Fig.2 shows a conceptual illustration of the desingularized Fig. 2 Panel shift method for the transom stern problem panel method. The source surface is shifted one panel upward to satisfy the radiation condition and also shifted in the vertical direction to make it possible to treat the nonlinear free-surface condition. In the present study, we need not to adopt this vertical shift since our problem is not nonlinear. When we impose the transom stern condition derived in the former section, both the free surface condition and the transom stern condition are imposed at collocation points just behind the transom stern 20) . The panels just behind the transom stern are not necessary when the transom stern condition is not imposed. Then only the free surface condition is imposed on all the collocation points.
In the present calculations, we carry out following three kinds of calculations:
(1) calculations without considering the transom stern condition (2) calculations with considering the transom stern condition (3) calculations with considering both the transom stern condition and the effect of the sinkage and trim in the steady problem
In the calculations (3), measured sinkage and trim is taken into account and the wetted hull surface beneath the calm water surface (z < 0) is rediscretized and applied to the calculations. The displacement, water-plane area and GM L must be recalculated for the revised wetted hull surface. The effect of the sinkage and trim can be considered as one of the effect of the steady flow-field to the unsteady flow-field.
4.Experiments
Two experiments were carried out using the towing tank in RIAM, Kyushu University. One experiment is the motion measurement test to measure the ship motions and added resistance in regular head waves. Another one is the forced oscillation test to measure the added mass & damping coefficients and wave exciting forces & moment. The setup of the model and equipments is illustrated in Fig.3 , and the perspective view and the principal dimensions of the model are shown in Fig.4 and Table 1 respectively. Values in the parenthesis indicate those of the forced motion test. The hull form is confidential at this moment and we can not denote the details. The unsteady wave fields are also measured in the forced oscillation test. They are measured by using the Ohkusu's method 21) along a longitudinal line of y/(B/2) = 1.52 from the center line. The steepness of the incident wave, H/λ, is 1/50 throughout the present experiments. Fig.5 shows a snapshot of the transom stern in the motion measurement test. It is confirmed that the transom stern is completely dry even when the model is freely oscillating in waves. It should be noted that the same phenomenon was also observed in the forced oscillation test. Fig.6 shows the computation grids used in the present calculations. From symmetry, the computation domain can be reduced to the half (y > 0). Hull surface is discretized into NH ≡ 1480 panels and the free surface, which consists of two regions, is NF ≡ 3888 panels for the main region and NFA ≡ 297 panels for the additional region behind the stern. In the additional region behind the stern, the panel discretization represented in chapter 3 ( Fig.2) is applied to satisfy the transom stern condition. The region of the free surface is determined so that the disturbed waves by the ship are not truncated in the transverse direction and are captured sufficiently in the longitudinal direction. The panel size is determined by referring the previous studies by some of the authors 17)18)19) . Fig.7 shows the comparison of the steady wave pattern between experiment and calculation. In both cases the ship motion is restricted in the equilibrium position so that the sinkage and trim are fixed to be zero. The steep diverging wave that is generated around ord. 7 is observed in the experimental wave pattern, but not seen in the computational result. This may be originated in the neglect of the nonlinearity in the present calculation. Nevertheless, the fundamental wave pattern is well predicted including the stern wave. Fig.8 shows the measured resistance (total), sinkage and trim in the motion free test. This will be referred later when we calculate seakeeping taking the influence of the sinkage and trim into account.
5.Results and discussions
Steady wave field
Added mass and damping coefficients
Figs.9 and 10 are added mass and damping coefficients due to forced heave and pitch motions respectively. The However the coupling terms that show the interactive hydrodynamic effect between heave and pitch motions are not predicted so well. It will be suggested that the strip method fundamentally based on the two dimensional calculation is not sufficient to capture the forward speed effect and three dimensional effect for the fast ships where these effects become remarkable. On the other hand, the RPM can predict even the coupling terms. Especially the RPM with transom stern condition presented in this study improves the estimation remarkably. The bold line shows the result of the RPM with transom stern condition considering the effect of the sinkage and trim. In the calculation, measured sinkage and trim shown in Fig.8 is used and the ship hull surface is rediscretized taking them into account. It must be noted that the bold line is just a reference to show the effect due to the sinkage and trim and not to be compared with experiments and other numerical results. This is because the experiments are carried out by enforcing the heave and pitch motions to the model around its equilibrium position without taking account of the sinkage and trim effects. The comparison of the bold line with the thinsolid line has a meaning to see a significant effect of the sinkage and trim in the seakeeping estimations. 
Wave exciting forces and moment
Ship motions
Result of ship motions at Fn = 0.5 and χ = 180degs. is shown in Fig.12 . The strip method under-predicts the experimental ship motions in wide range of λ/L and the resonance point of heave motion is not predicted at all. It is known that the estimation accuracy of coupling terms of the added mass and damping coefficients affects significantly the estimation of the resonance point 22) . Then we can conclude that the inaccurate estimation of the coupling terms observed in Figs.9 and 10 will be a cause of the large discrepancy in the motion estimation by the strip method.
The RPMs with and without transom stern condition can predict the resonance point taking account of the forward speed effect and three dimensional effect adequately. The difference between two RPMs is not so remarkable. A small improvement can be seen in pitch motion near the resonance point. It will be rational to understand that the treatment of the transom stern affects the pressure distribution at the stern directly and it affects the pitch moment due to the long moment-lever from the center of gravity. And this leads to some effect in the pitch motion as a result.
If we take account of the effect of sinkage and trim, and use a revised wetted hull surface in the computation considering them, the estimation of ship motion by RPM is drastically improved and RPM gives almost complete prediction as shown by the bold line in the figure. It has been already well understood that the effect of sinkage and trim is negligible when we evaluate seakeeping of the fast ships. Now we realize this knowledge also in this result.
Pressure distributions
In order to see the influence of the transom stern condition, the sinkage and trim, we illustrated the pressure distributions on the hull in Figs.13 and 14 . Fig.13 is a wave pressure due to φ 0 + φ7 and Fig.14 is a total unsteady pressure including the effect of ship motions. The unsteady pressure term related to −ρgz is also included in . The difference appears only near the stern part and the transom stern condition does not affect so much the whole pressure distribution over the hull. The comparison between (b) with (c) shows the influence of the sinkage and trim in the unsteady pressures. The shape of the wetted surface beneath the calm water surface is changed considering the sinkage and trim. We confirm that its influence spread to the whole hull surface and can not be neglected. Figs.15 and 16 are showing the two dimensional pressure distributions at representative ordinates. The horizontal axis θ indicates the angle of the arbitrary point along the girth on the hull surface measured from the bottom toward the water line. The origin is set along the body fixed x axis. Therefore θ becomes smaller than 90 degs. at the stem part and larger than 90 degs. at the stern part in the case of (c) since the sinkage and trim is taken into account. The effect of the transom stern condition can be seen by the comparison between (a) and (b), and it is confirmed that the pressure is remarkably different near the transom stern. On the other hand, the comparison between (b) and (c) shows significant effect of the sinkage and trim on the pressure distributions. Thus, using these figures of two dimensional pressure distributions we can justify the considerations done by the three dimensional pressure distributions, Figs.13 and 14.
Unsteady wave field
We have not yet validated our numerical results from the point of view of the local forces such as pressure. Here we adopt the unsteady wave elevation for this purpose. The wave elevation itself is equivalent to the pressure distribution on the free surface and its measurement is superior to pressure measurement on the hull surface from the point The effect of the transom stern condition appears not only in the wave elevation around the stern but also in that at far field from the ship. It is observed that the transom stern condition makes the phase difference of the wave at far field slightly smaller. In the diffraction wave, the effect of the transom stern condition appears more remarkably in amplitude, and the result with transom stern condition gives better agreement with experiment than that obtained without the condition. This can be seen more clearly if we illustrate Fig.17 by color contour. The phase difference between measured and computed diffraction waves observed at far field in Fig.17 is also seen for other ships and even for normal Froude number 23) . This is considered to be originated in wave-wave nonlinear interaction 23) . Therefore the present computation based on the linear theory can not predict this phenomenon. Fig.18 shows the wave profiles obtained by cutting the wave fields in Fig.17 along longitudinal axis of y/(B/2) = 1.52. From these figures, we confirm that the wave profile around −2.5 < x/(L/2) < −1.5 is fairly improved by imposing the transom stern condition. Since this part of wave is mainly generated from the stern, it is suggested that the transom stern condition improves the pressure estimation especially near the stern part.
Added wave resistance
In the present paper, we calculate the added wave resistance by using the unsteady waves obtained by the RPM. The added resistance itself is calculated by Maruo's formula 24) :
where k1 k2 
The unsteady wave ζ/A is now calculated by
The diffraction wave and radiation waves, eq.(27), computed by the RPM is superposed as eq.(26) in order to get total unsteady wave. The longitudinal wave profile along y/(B/2) = 1.52 (same as experiments) is then calculated by interpolating the total unsteady wave elevation over the free surface. Fig.19 (a) is the example showing the total unsteady waves for λ/L = 0.5, 1.0, 2.0. The effect of the sinkage and trim is taken into account, and the transom stern condition is imposed in these calculations as well as the following (b) and (c) in Fig.19 .
The Kochin functions calculated by eq.(25) are shown in Fig.19 (b) . Generally speaking, the amplitude of H1 is less than 10% of H2 for the conventional ships advancing at low forward speed. It is easily noticed that the amplitude of H1 is larger than that seen for the conventional ships, and the negligible contribution of H1 to the added wave resistance is suggested. H2 and H1 are related to the k2 and k1 wave system respectively. If we focus on the waves in down-stream region from the ship, they are mainly composed of the elementary wave propagating in θ = 180 degs. For instance, their wave lengths, λ2/L and λ1/L, for λ/L = 1.0 are calculated by eq.(24) with θ = 180 degs., and they become 1.0 and 0.31 respectively. From the wave profile for λ/L = 1.0 in Fig.19(a) , both waves are clearly observed and the amplitude of k1 wave is comparable to that of k2 wave. This leads to the results of the Kochin function above related. Fig.19 (c) shows the added wave resistance. As suggested in Fig.19 (b) , the significant contribution of H1 can be seen in the result. The agreement with experiment by direct measurement of forces is fairly good and we can confirm the numerical accuracy of the present computation method implemented with the transom stern condition.
We can also confirm which part of wave contributes significantly to the added wave resistance. The wave elevation near the ship for λ/L = 1.0 is larger than others in Fig.19 (a) , and this affects the amplitude of H2 near θ ∼ = α0 in Fig.19 (b) . Thus, the elementary wave which propagates in θ ∼ = α0 direction contributes to the added wave resistance most significantly. Although the amplitude of H2 for λ/L = 0.5 is large around θ ∼ = 120 degs., this does not contribute to the added wave resistance so much. The reason is easily understood from eq. (23) . The weight function of the integrand takes large value at θ ∼ = α0, and the contribution near this θ becomes significant as a result.
6.Conclusions
In this paper, we proposed a transom stern condition in seakeeping calculation of fast ships, and validated it through the comparison of the numerical results and experiments. Through the study we obtained the following results:
(1) It was confirmed from the present experiments (H/λ = 1/50)that the transom stern was completely dry even when the ship is freely oscillating in waves provided that ship advances at high speed. All the waves that consists of the incident wave, steady wave, radiation waves and diffraction wave flow away smoothly from the bottom part of the dry transom stern.
(2) A flow model was proposed to satisfy the phenomena denoted in (1) and a corresponding boundary condition was derived.
(3) It was confirmed that the Rankine panel method with transom stern condition well explains the experimental results. Additionally the accuracy of the seakeeping estimations was fairly improved by taking account of the effect of the sinkage and trim incorporated with the present transom stern condition.
In the present study, we focused our interests on the seakeeping estimation of fast ships with transom stern within the framework of the linear theory, and it was made clear that the linear theory has sufficient estimation accuracy even for this kind of problem where the nonlinear effects becomes remarkable. If we highlight the steady problem, the wave breaking and spray at the bow may be rather important and non-linear approach will be required to get accurate estimations.
